Listeria monocytogenes is a leading causes of death from food-borne pathogens. Bioinformatics approach was applied to investigate the features of L. monocytogenes CRISPR structure and the relationship between CRISPR and plasmid transposase content. Among 93 L. monocytogenes genomes, 95 confirmed CRISPR structure loci were identified and classified into 5 groups based on repeat size. RNA secondary structure and minimum free energy indicated that the secondary structure of Group 5 (36 bp) was more stable than other groups. Type I-B or II-A Cas genes were found in 36 strains, and the CRISPR-Cas system of type I-B was more conserved than type II-A. Furthermore, CRISPR loci affected the enzyme transposase content of L. monocytogenes plasmid. This study examined the diversity of the CRISPR-Cas system in L. monocytogenes, classified CRISPR structure and repeats, and demonstrated the influence of the CRISPR-Cas system on the number of transposase in plasmid.
INTRODUCTION
The gram-positive bacteria L. monocytogenes is a foodborne pathogen with high mortality rates. L. monocytogenes is a significant challenge in food production due to its ability to survive under conditions of salinity, alkalinity and temperature stress [1] . Extra chromosomal plasmids are relatively small compared to the bacterial chromosome and often harbor antibiotic resistant genes. Plasmids participate in the spread of antibiotic resistance genes through horizontal gene transfer, which can lead to environmental pressure adaptations such as enhancing virulence or resistance [2] .
Clustered, regularly interspaced, short palindromic repeats (CRISPRs) encoded by CRISPR-associated (Cas) genes have been identified in many bacteria, and CRISPRCas systems provide an adaptive immune response to genetic elements such as plasmids, phages, insertion sequences, transposons, and integrons [3, 4] . The CRISPR structure has three major features: a set of Cas genes, an AT-rich leader sequence, and palindromic direct repeats separated by variable sequences called spacers [5] . The repeats are highly conserved, always contain palindromic motifs, and may constitute RNA secondary structure [6] . Unique spacer sequences are usually derived from mobile genetic elements such as plasmids and phages [7] while Cas genes are often adjacent to the CRISPR loci. Two CRISPR loci were recently identified in the L. monocytogenes genome [8] , and are associated with type I-B and type II-A Cas genes [9] .
We analyzed 93 L. monocytogenes genomic nucleotide sequences from the NCBI database. The structural characteristics of CRISPR-Cas were investigated by bioinformatic method. CRISPR loci were categorized based on the size of repeats and the structure of Cas genes. We investigated the plasmid genetic content of transposase in L. monocytogenes strains with different CRISPR loci. This study demonstrated the diversity of CRISPRCas system in L. monocytogenes strains, identified the features of CRISPR structure and repeat classification, and elucidated the influence of the CRISPR-Cas system on the number of transposase in plasmid. 
RESULTS

CRISPR loci of L. monocytogenes
We selected all publicly available L. monocytogenes complete genomes from the NCBI database. Only 24 strains do not contain CRISPR loci, accounting for 25.8%. The other 69 strains (74.2%) possessed between 1 and 3 CRISPR loci. We selected confirmed chromosomal CRISPR sequences for further investigation. According to CRISPRdb and Guo et al. [10] , confirmed CRISPR should contain at least two different spacers. A total of 95 confirmed CRISPR loci were detected among 93 L. monocytogenes genomes. These loci were classified into 5 groups according to direct repeat length. The number of spacers ranged from 3 to 58, and the number of direct repeats was between 4 and 59 (typically 28, 29, or 36 bp, Supplemntary Table 1 ).
Direct repeats of RNA secondary structure
Since the direct repeat length of CRISPR loci is similar within each locus, we selected the same length direct repeat sequences for multiple sequence alignment analysis. Based on the alignment, 97 CRISPR loci in 69 L. monocytogenes strains were assigned to 5 groups with the same direct repeat length ( Figure 1A ). Previous studies have suggested that CRISPR repeats may form stable hairpin-like secondary structures due to the partially palindromic nature [11, 12] . The RNA secondary structure and minimum free energy (MFE) were detected for representative direct repeat sequences of each group through the RNAFold Web Server ( Figure 1B) . In all groups except Group 5, RNA secondary structure was composed of two rings at each end and a stem in the middle. The stem length in Group 5 was 10 bp, while the length was 4 and 6 bp in other groups. The MFE of Group 5 (∆G=-6.70 kcal/mol) was less than other groups (P<0.05), indicating a more stable RNA secondary structure than those of other groups due to the great ernumber of base pairs in the stem.
Structural features of L. monocytogenes CRISPR/Cas
Previous studies have suggested that L. monocytogenes CRISPR loci are associated with type I-B or type II-A Cas genes [13] . We searched for Cas genes from 10,000 bp upstream to 10,000 bp downstream the CRISPR loci in the NCBI database. Two CRISPR-Cas types were found in 36 strains (Supplemntary Table 2 ). For CRISPR-Cas type I, the architecture is conserved with four Cas genes (csn2, cas2, cas1, cas9) located downstream of the repeat-spacer region. In contrast, the content and organization for CRISPR-Cas type I vary, with 6-8 Cas genes (cas2, cas1, cas4, cas3, cas5,cas7, cas8b1, cas6) located downstream of the repeat-spacer region. To better understand the features of the CRISPR-Cas system, 5 representative strains (L. monocytogenes HCC23, L. monocytogenes Finland 1998, L. monocytogenes 10-092876-0055 LM4, L. monocytogenes 10-092876-1763 LM10, L. monocytogenes J01611) were chosen for further study. Although Cas gene sequence similarity is high within CRISPR-Cas type I, the gene organization is different (Figure 2 ). Interestingly, cas2 is the only conserved gene among the five loci.
Since we observed a correlation between cas2 genes and CRISPR repeats in L. monocytogenes, we investigated whether there was a relationship between CRISPR repeats and cas2 genes across bacterial strains. Across a variety of strains, the clustering of the typical CRISPR repeats was similar to that of the cas2 genes and consistent with previous observations by Horvath et al. [14] . Comparative analysis of the evolutionary trees revealed similar clustering patterns, with different clusters for two CRISPR-Cas types. Sequence alignments are provided in the supplemental material (Supplemntary Table 3 ). Although the trees were based on widely different element sizes (the direct repeat size varied between 29 and 36 bp, while cas2 varied between 279 and 342 bp), the congruence between them is relatively high ( Figure  3 ). This observation suggests coevolution of cas2 genes and CRISPR repeats, indicating a potential functional link.
The relationship between spacers and repeats
A total of 1417 spacers (5 for Group 1, 24 for Group 2, 166 for Group 3, 657 for Group 4, and 565 for Group 5) were found with 5, 6, 20, 310, and 221 unique spacers in Groups 1, 2, 3, 4, and 5, respectively. Besides Group 1, the degree of polymorphism regardingunique spacers was the highest in Group 4 (P<0.05) ( Table 2 ). Polymorphisms were also observed regarding spacer size. Analysis of the spacer size distribution indicated that variability was greatest in Group 1 (P<0.05). The spacer size was 55 bp and 54 bp for Group 1 and Group 2, respectively. The typical spacer size was 36 bp, ranging from 35 to 43 bp in Group 3 and 30 to 49 bp in Group 4, compared to a typical spacer size of 30 bp ranging from 29 bp to 36 bp in Group 5. The proportions of spacers of typical size were 54% (90 of 166), 36% (239 of 657), and 93% (525 of 565), for Group 3, Group 4, and Group 5, respectively ( Figure 4A -4E). The spacer length has been shown to influence the activity of CRISPR loci [15] . Our data indicate a negative correlation between the size of repeat and spacer ( Figure  4F ). We further hypothesize that repeats are related to spacer size and change the activity of CRISPR loci, but this requires further investigation. www.impactjournals.com/oncotarget 
The transposase of plasmid
Previous studies have suggested that CRISPRCas systems provide an adaptive immune response to bacteriophages and plasmids [11] . So we analyzed the characteristics and structure of 5 L. monocytogenes strains (J1962, HB5622, 2015TE, 6179, J1-208) plasmid sequence to find the relationship between CRISPR loci and plasmid. The J1962 genome contains no CRISPR loci, the HB5622 chromosome sequence contains one locus without a Cas gene, the 2015TE chromosome sequence contains one locus with atype I Cas gene, the 6179 chromosome sequence contains two loci with type I and type II Cas genes, and the J1-208 plasmid contains two CRISPR loci without a Cas gene. The complete sequence of the J1962 plasmid and J1-208 plasmid have circularly closed DNA sequences and contain 64 and 75 total predicted open reading frames, respectively ( Figure 5A and 5B). The modular structure of each plasmid is regared as the backbone with the insertion of multiple separate accessory modules. Linear comparison of sequence plasmids indicated the transposase content in 5 plasmids ( Figure 5C ). The length of the J1-208 plasmid containing two CRISPR loci is 77.83 kb, but transposase constitutes 1.0%. The length of the HB5612 plasmid, which is similar to J1-208, is 77.11 kb, but transposase constitutes 11.3%. The sizes of J1926, 2015TE and 6179 plasmid sequences are smaller, and transposase constitutes 15.7%, 14.3%, and 6.9%, respectively ( Figure 5D ). The percentage of transposase in the J1-208 plasmid is significantly lower than the others (P<0.05) and we postulate that this is related to the presence of CRISPR on the plasmid.
DISCUSSION
We provided thorough sequence analysis and characterization of the CRISPR-Cas system in L. monocytogenes. Some L. monocytogenes CRISPRs have been previously identified [16] , and investigated CRISPR diversity in L. monocytogenes strains of different lineages to estimate the potential practicability of a CRISPR-based approach in resolving this species' biodiversity. Bioinformatic analysis of distributions and features of CRISPR in our study may elucidate its function in L. monocytogenes. Confirmed CRISPR loci from the CRISPRdb contain at least two unique spacers, while questionable CRISPR only contain one unique spacer [17] . We selected confirmed chromosomal CRISPR sequences and defined a total of 95 confirmed CRISPR loci within 93 genomes.
We found that there can be one or several modified nucleotides in the same size repeats of different CRISPR loci through multiple sequence alignment analysis, but they are frequently conserved. Therefore, we grouped CRISPR loci into 5 groups according to repeat size. The RNA secondary structure and MFE of the direct repeats were also investigated. Since the repeats can undergo polymorphism, particularly in the terminal repeat [18] , we analyzed the secondary structure of typical repeat sequences of each group. The low MFE of direct repeats in 69 strains indicated the formation of a stable RNA secondary structure [19] . Our data indicated that the RNA secondary structure of repeats in Group 5, the longest repeat size, is most stable (P<0.05). Therefore, we postulated that longer repeats have a more stable secondary structure because there are more nucleotide base pairs. Previous studies indicated that stem-loop structures of some direct repeats facilitate contact between foreign RNA or the DNA targeting spacer and Cas-encoded proteins [20] . Moreover, the stability of RNA secondary structures may strengthen the function of CRISPR loci.
The two types of Cas genes located in the vicinity of CRISPR loci were identified from theNCBI database and were consistent with previous studies [18] . A total of 35 bacteria strains contained Cas genes near CRISPR loci. The architecture of CRISPR-Cas type I can undergo polymorphism and contains more Cas genes than CRISPRCas type II. Despite the architectural differences of these CRISPR-Cas systems, cas2 was ubiquitous. We analyzed the relationship between cas2 and repeats of different CRISPR loci. Interestingly, our data suggested the potential co-evolution of cas2 genes and CRISPR repeats, indicating a potential functional link between them [21] .
Spacers are located in the CRISPR locus near the leader sequence. Spacer diversity is well studied in strains of Salmonella and E.coli [22, 23] , and the length and sequences of spacers affect the activity of CRISPR systems in bacteria. Di et al. determined that CRISPR loci containing more spacers with a length of 30 bp were more active than those containing fewer spacers with a length of 36 bp, which indicated a link between spacer number and length on CRISPR loci activity [2] . We identified 1417 spacers, and the data indicated a negative correlation between repeat size and spacer number. We posited that the relationship between repeats and spacer size mitigates the activity of CRISPR loci and that the repeat-spacer unit length is genetically regulated, but these theories require further study. Transposons are highly evolved forms of smaller moveable DNA segments, termed insertion sequences, that are on the order of 700-1500 bp in size and encode a specific recombinase (transposase) to facilitate movement [24] . We analyzed the characteristics and structure of plasmid sequences in 5 L. monocytogenes strains to identify the relationship between CRISPR loci and plasmid transposase. We found that the transposase percentage of the J1-208 plasmid containing two CRISPR loci was lower than the others (P<0.05), suggesting a relationship to the CRISPR on the plasmid. This study only identified one plasmid with CRISPR loci; further study requires more CRISPR loci-containing plasmid.
MATERIALS AND METHODS
Sequence collection
We analyzed 93 publicly available Listeria monocytogenes complete genomes from National Center for Biotechnology Information (NCBI) nucleotide database (https://www.ncbi.nlm.nih.gov/genome/) with default parameters. CRISPR gene signatures were searched in the CRISPRdb (http://crispr.i2bc.paris-saclay. fr/crispr/), we obtained the flanking sequences and repeat sequences of Listeria monocytogenes CRISPR. The conserved sequences upstream of the first repeat and downstream of the last repeat were obtained by multiple sequence alignment. These sequences are regarded as the specific gene signature for L. monocytogenes CRISPR [25] . The conserved sequences were utilized to search the arrays of 93 publicly available L. monocytogenes genomes.
Analysis method
We downloaded the sequence of CRISPR loci from 10,000 bp upstream to 10,000 bp downstream from the CRISPRdb [26] , which contains CRISPR arrays. CRISPR finder Program Online allowed us to acquire the numbers and sequences of repeats and spacers of CRISPRs [27] . The typical repeats of CRISPR were analyzed through multiple sequence alignment using Cluster X software, and the alignments of these repeats were visualized with WebLogo (http://weblogo.berkeley.edu/logo.cgi). The grouping of CRISPR sequences was performed based on the distance between the repeats of CRISPR loci for each group. Secondary structure prediction and minimum free energy (MFE) of the repeats in each group were determined by RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/ RNAWebSuite/RNAfold.cgi) [28] . We searched Cas genes from 10,000 bp upstream to 10,000 bp downstream the CRISPR loci in the NCBI database (http://crispr.u-psud. fr/crispr/BLAST/CRISPRsBlast.php).
Data validation
CRISPRfinder allowed us to acquire the basic characteristics of CRISPR with the last update on 2017/1/2. The database contains 231 and 6600 analyzed genomes and 890 and 8732 CRISPRs for archaea and bacteria, respectively. The RNAfold web server performed secondary structure prediction and MFE of the CRISPR repeats with current limits of 7500 nt for section function calculations and 10,000 nt for MFE-only predictions. Publicly available complete sequences of plasmids, phages, and microbial genomes were obtained from the BLAST database. The CRISPRTarget databases provided GenBank-Phage, RefSeq-Plasmid, and RefSeq-Microbial and RefSeq-viral, and the cutoff score was the default parameter value [29] .
